Abstract. The aim of the present study was to screen for and identify microRNAs (miRNAs/miRs) that are associated with gastric cancer and to clarify the role of these miRNAs in gastric cancer. Thus, the differential expression of a panel of miRNAs in two pairs of gastric cancer tissues and their matched adjacent healthy tissues was investigated by performing a microarray analysis. To verify the results of this screen, 56 gastric cancer tissues were analyzed for the selected miRNAs using reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The association between the expression of a specific miRNA and the clinical data relating to the tissue samples [including age, gender, tumor size, tumor node metastasis (TNM) stage and lymph-node metastasis] were subsequently examined. A total of 31 differentially expressed miRNAs were identified in the miRNA array. Using RT-qPCR to verify these results, it was determined that 10 miRNAs exhibited high mRNA expression levels and 13 miRNAs exhibited a low expression in the gastric cancer tissue samples, while 8 miRNAs did not demonstrate an association with gastric cancer. Thus, the microarray and RT-qPCR results demonstrated 74.2% (23/31 miRNAs) agreement. The association between the 23 miRNAs and the clinicopathological characteristics of the gastric cancer samples was investigated. It was identified that the expression levels of miR-551b-3p, miR-133b, miR-100-5p and miR-363-3p were significantly downregulated in the gastric cancer tissues, and this downregulation was closely correlated with the degree of differentiation (i.e., tumor grade), TNM stage and lymph-node metastasis (P<0.05). By contrast, the expression of miR-215 was significantly upregulated in the gastric cancer tissues, and its expression level was correlated with tumor differentiation, TNM stage and lymph-node metastasis (P<0.05). Furthermore, miR-200a-3p was upregulated in the gastric cancer tissues and its expression was significantly more prevalent in male patients compared with female patients (P<0.05). miR-429 was upregulated in the gastric cancer tissues and its expression was significantly higher in patients who were >50 years of age (P<0.05). These data indicate that a number of these miRNAs may be important in the development of gastric cancer. In particular, miR-551b-3p, miR-133b, miR-100-5p and miR-363-3p may act as tumor suppressors in the development of gastric cancer. By contrast, miR-215 appears to exhibit oncogenic properties and promote the development of gastric cancer. In addition, the abnormal expression of miR-200a-3p may be associated with gender, while the abnormal expression of miR-429 may be associated with age in patients with gastric cancer. However, additional studies are required to delineate the underlying mechanisms of the association, and to explore their potential as valid biomarkers in the diagnosis, classification and prognosis of gastric cancer.
Introduction
Gastric cancer has one of the highest incidence rates of any cancer type worldwide. In 2008, 989,600 new cases of gastric cancer were reported globally, accounting for 8% of all cancer cases and resulting in 738,000 mortalities (10% of all cancer-related mortalities) (1) . The current treatment strategy for gastric cancer is surgical resection. Surgical resection is associated with a ≤90% postoperative 5-year survival rate for patients diagnosed with early-stage gastric cancer. However, the majority of patients with gastric cancer are diagnosed at an advanced stage, and, thus, are no longer suitable to undergo radical surgery, resulting in a decreased 5-year survival rate of 11-40%. Therefore, improvement in the early-stage diagnosis of gastric cancer, the development of novel molecular-targeted therapies, and the identification of early indicators of cancer metastasis and recurrence are important research topics. These issues may be resolved by improved investigation into the pathogenesis of gastric cancer as well as the finding of specific molecular targets for gastric cancer therapy. microRNAs (miRNAs/miRs) are small, non-coding, single-stranded RNAs (length, 19-25 nt) that are expressed by plants and animals. miRNAs inhibit the transcription and translation of specific target genes by incomplete base pairing with their target mRNA molecules (2) . Over 2,000 types of miRNA have been found thus far, and numerous studies are currently being conducted to identify more (http://www.mirbase.org/). Previous studies have demonstrated that miRNAs regulate the expression of approximately two-thirds of all proteins, and almost every vital cell activity, including development, apoptosis, cell proliferation and division (3) .
Identification and characterization of tumor suppressor and oncogenic miRNAs in gastric cancer
miRNAs are extensively correlated with specific pathological processes, such as tumor development, metastasis and tolerance, and ~50% of miRNAs are located within tumor-associated fragile sites, oncogenes or tumor suppressor breakpoints (4) . Furthermore, various studies (3, 4) have indicated that miRNAs have been well-conserved during evolution, as demonstrated by their strict spatial and temporal specificity. The majority of aberrantly expressed miRNAs in tumors can be detected in the peripheral blood, and these serum miRNAs can tolerate multi-gelation, variations in pH and treatment with DNAases. In addition, miRNA appears to be more stable following treatment with RNAases compared with mRNA (5, 6) . In consideration of the aforementioned studies, miRNAs appear to exhibit properties that potentially enable their exploitation as biological targets in tumor diagnostics, prognostic evaluation and treatment.
Previous studies have screened for and identified a subset of miRNAs that are associated with gastric cancer, indicating their extensive participation in the development and progression of gastric cancer (7, 8) . However, the biological function and mechanisms of many of these miRNAs remains unknown. Therefore, the present study aimed to screen for additional miRNAs that may be associated with gastric cancer using gene chromatin immunoprecipitation (ChIP) technology. In addition, the present study aimed to identify the association between these miRNAs, and the clinicopathological characteristics of gastric cancer to demonstrate the specific functions and mechanisms of these miRNAs during tumor development. To the best of our knowledge, the present study provides novel hypotheses regarding the mechanism of gastric cancer as well as proposing possible future targeted treatment strategies. Subsequent to their verification, these specific markers of gastric cancer may serve as criteria in the diagnosis and prognostic evaluation of gastric cancer. 
Materials and methods

Patients
Results
Screening for gastric cancer-associated miRNAs. The 8 * 60 K human miRNA microarray chip (version 18.0; Agilent Technologies, Inc), which contains 1,907 human miRNA genes, was used to screen for miRNAs that are differentially expressed between gastric cancer and healthy adjacent tissues.
The screening criteria used to compare the gastric cancer tissue samples with the adjacent healthy mucosa samples were: i) In the two paired samples, the expression of a miRNA was upregulated or downregulated >2-fold; and ii) in every four samples, there were a minimum of two samples with a signal value of >6. It was identified that the expression levels of 31 miRNAs were abnormal in the gastric cancer tissues. Of these, 14 miRNAs were overexpressed and 17 were underexpressed (Table I) . Clustering analysis was subsequently performed for all 31 abnormally expressed miRNAs (Fig. 1) .
Verification of the expression of the selected miRNAs in gastric cancer tissue. RT-qPCR was performed to select 31 miRNA targets from the ChIP, and to examine the miRNA expression of the 56 gastric cancer tissues and healthy adjacent mucosa.
The results demonstrated that 23/31 miRNAs were differentially expressed between the gastric cancer and healthy tissue samples. Ten miRNAs were overexpressed and 13 miRNAs demonstrated a lower expression in the gastric cancer samples compared with the healthy tissue samples. No significant difference was identified for the remaining 8 miRNAs. Thus, the sensitivity of the results from the two experiments was 74.2% (23/31 miRNAs; Table II) .
Association between the identified miRNAs and the clinicopathological characteristics of gastric cancer.
The correlation between the expression of the 23 selected miRNAs in the gastric cancer samples and associated clinicopathological characteristics were analyzed. The results identified that four miRNAs, miR-142-3p, miR-146a-5p, miR-145-5p and miR-1, were not associated with the following clinicopathological characteri stics: Gender, age, tumor size, differentiation/grade, clinical stage and lymph-node metastasis. However, the remaining 19 miRNAs were significantly associated with lymph-node metastasis, and miR-551b-3p, miR-133b, miR-100-5p, miR-363-3p and miR-215 were significantly correlated with tumor differentiation/grade and TNM stage (P<0.05; Tables III-VII). In addition, it was identified that the abnormal expression of miR-200a-3p and miR-429 was significantly associated with the gender and age of the gastric cancer patients, respectively (P<0.05; Tables VIII-IX).
Discussion
miRNAs regulate endogenous gene expression in humans, affecting numerous cell functions (for example, growth, differentiation, apoptosis and stress responses) by downregulating the expression of target genes (9) . miRNAs were found to be important in the process of tumor development, and multiple miRNAs may be directly associated with the development of human tumors (for example, pancreatic, colorectal, gastric, liver, breast and lung cancer, and lymphoma) (10-12). The role of miRNAs in tumor pathogenesis is complex, as they can regulate or suppress tumor-associated genes to promote or inhibit cancer, respectively. In addition, miRNAs may serve as oncogenes or tumor suppressor genes and, thus, participate in the development of various types of cancer. Within a particular tissue type, one miRNA targets multiple genes, as each target mRNA can potentially interact with multiple miRNAs. Therefore, miRNAs compose a complex regulatory network that may contribute to the development of tumors (13) . Significant progress has been made in the field of miRNA. For example, previous studies have screened for and identified a variety of functional miRNAs in a number of different tumor types. The identification of these miRNAs may facilitate the elucidation of the mechanisms of tumorigenesis, and may provide novel targets for early diagnosis and treatment (14, 15) .
It is possible that numerous miRNAs have yet to be identified; therefore, the correlation between the expression of specific miRNAs and tumors is unknown. However, significant progress has been made in this field.
In the current study, miRNA ChIP technology was used to evaluate the expression levels of miRNAs in carcinoma and adjacent healthy tissue from two patients who were diagnosed with gastric cancer to identify the miRNAs that are associated with this cancer type. A total of 31 miRNAs were identified that exhibited differential expression levels between the tumor and healthy tissue samples. RT-qPCR was subsequently performed to verify the differential expression of these miRNAs in samples from 56 patients diagnosed with gastric cancer. The results demonstrated that only 23 miRNAs exhibited significantly differential expression while the remaining 8 miRNAs Table II demonstrated no significant difference in expression between the gastric cancer and healthy tissue samples. Therefore, the results from the microarray and RT-qPCR experiments were 74.2% in agreement, indicating error in the miRNA array. The two primary reasons for this experimental error may be: i) The limited number of test samples analyzed; and ii) the shortcomings of the gene ChIP technique, including its relatively poor stability and reproducibility, as well as the fact that false positive detection cannot be avoided (16) . Correlation analysis between the expression levels of the 23 differentially expressed miRNAs and the associated clinico pathological characteristics was performed. It was identified that four miRNAs, miR-142-3p, miR-146a-5p, miR-145-5p and miR-1, were not associated with the following analyzed clinicopathological parameters: Gender, age, tumor size, differentiation/grade, clinical stage and lymph-node metastasis. The remaining 19 miRNAs were associated with lymph-node metastasis, of which miR-551b-3p, miR-133b, miR-100-5p, miR-363-3p and miR-215 were significantly associated with tumor differentiation/grade and TNM stage (P<0.05), indicating that these miRNAs are possibly involved in the invasion and metastasis of gastric cancer. Notably, the abnormal expression levels of miR-200a-3p and miR-429 were significantly associated with the gender and age of the gastric cancer patients in the present study, respectively (P<0.05). According to epidemiological statistics, the incidence of gastric cancer significantly increases with age, with the peak age of gastric cancer occurrence ranging between 50 and 80 years. Furthermore, male individuals are 1.5-to 2.5-fold more likely to develop gastric cancer compared with females (1). Thus, identification of the significant association between abnormal miR-200a-3p and miR-429 expression in gastric cancer tissue, and respective differences in age and gender, may be useful during diagnosis. A recent study demonstrated that the expression of miR-551a is downregulated in gastric cancer tissues and cells, and that miR-551a may inhibit cell invasion and migration by downregulating the expression of phosphatase of regenerating liver-3 (17) . This finding indicates that miR-551a is important in gastric cancer invasion and migration. Similarly, the present study identified that miR-551b-3p exhibits different expression levels in gastric cancer tissues compared with healthy tissues. Furthermore, the expression of miR-551b-3p appears to be significantly associated with the tumor differentiation/grade, TNM stage and lymph-node metastasis. These results indicate that miR-551b-3p is an important factor in the development of gastric cancer, as well as in the invasion and metastasis of this cancer type.
The miR-133 family consists of miR-133a-1, miR-133a-2 and miR-133b. Originally, a number of studies determined that miR-133 is critical in regulating heart and skeletal muscle development (18, 19) . However, a more recent study demonstrated that miR-133 is aberrantly expressed in tumors, and that miR-133a/b can inhibit the proliferation, and metastasis of bladder and prostate cancer by regulating the expression of the epidermal growth factor receptor (20, 21) . In addition, previous studies have observed a significant downregulation of miR-133a/b in head and neck neoplasms, lung cancer, esophageal cancer, colon cancer, renal carcinoma, prostate cancer, and other malignancies (22) (23) (24) (25) . The present study indicated that miR-133b may act as a tumor suppressor while regulating the invasion and metastasis of cancer cells.
Previous studies have indicated that the expression level of miR-100 varies between tumor types and, therefore, this miRNA may have different functions in different cancer types. For example, miR-100 expression is downregulated in lung, cervical, ovarian and bladder cancer, and acts as a tumor suppressor (26) (27) (28) . However, in various types of cancer, such as acute myeloid leukemia, miR-100 is upregulated and functions as an oncogene (29) . The present study indicated that miR-100-5p is downregulated in gastric cancer, and may be involved in the infiltration and metastasis of gastric cancer.
Studies regarding the function of miR-363-3p in the development of cancer are limited. Sun et al (30) demonstrated that miR-363-3p expression is downregulated in squamous cell carcinoma of the head and neck (SCCHN), and is involved in the development and metastasis of SCCHN via the regulation of podoplanin. Furthermore, Georgieva et al (31) used high-throughput sequencing to detect the abnormal expression of miR-363 in uterine fibroids. However, to the best of our knowledge, no studies have thus far investigated the function of miR-363-3p in gastric cancer. The present study demonstrated that miR-363-3p is significantly downregulated in gastric cancer, and that its expression level is significantly associated with the degree of tumor differentiation, TNM stage and lymph node metastasis (P<0.05. Therefore, the current results indicate that miR-364-3p is a novel molecule that may be involved in the infiltration and metastasis of gastric cancer. miR-215 functions differently in different tumor types. It was initially identified to be a P53-induced miRNA that functions as a tumor suppressor by regulating the expression of various proteins involved in cell cycle checkpoints (32) . Alternative studies have demonstrated that miR-215 downregulates thymidylate synthetase, dihydrofolate reductase, thymidylate synthetase and denticleless E3 ubiquitin protein ligase homolog, and functions in the development of chemotherapy resistance (33, 34) . Furthermore, the upregulation of miR-215 was observed in esophageal, kidney and colon cancer (35) (36) (37) . In contrast to its role in other solid tumors, miR-215 functions as an oncogene in gastric cancer by promoting cell proliferation and cancer cell metastasis (38-40) ; however, the underlying mechanism has yet to be defined. In agreement with previous reports, the current study demonstrated that the relatively high expression of miR-215 in gastric cancer is significantly associated with the degree of tumor differentiation, TNM stage and lymph node metastasis P<0.05). Therefore, miR-215 could potentially be used as a biomarker in the diagnosis of gastric cancer due to its significantly upregulated expression in this cancer type (P<0.05).
In conclusion, the present study successfully identified a number of miRNAs that are involved in the development of gastric cancer. However, additional studies are required to delineate the underlying mechanisms of the association, and to explore their potential as valid biomarkers in the diagnosis, classification and prognosis of gastric cancer.
